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Some semiconductor materials such as lead iodide (PbI2) have applications in the detection of ionizing
radiation at room temperature using the direct detection method. In this work we investigate lead
iodide ﬁlms deposited by thermal evaporation. The morphology, structure, and electric properties were
investigated as a function of deposition height, i.e. the distance between evaporation-boat and
substrates. The results show a morphology of vertical leaves and X-ray diffraction shows just one
preferential orientation along the direction 110. Energy dispersive spectroscopy reveals that the ﬁlms
are not stoichiometric, with excess iodine atoms. Electrical resistivity of about 108 O cm was measured.
This is smaller than for the bulk due to structural defects. The values of activation energy for electric
transport increase from 0.52 up to 1.1 eV with decreasing deposition height, what indicates that the
best ﬁlm is the one deposited at the shortest distance. Exposure under X-ray mammographic energy
shows a linear behavior up to 500 mR. No variation in sensibility was observed between 22 and 30 kVp.
& 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Polycrystalline lead iodide (PbI2) ﬁlms are currently being
studied as one of the most promising semiconductor materials
for direct converters in high-energy detectors [1–4]. Due to its
large optical bandgap (Eg) it is a technologically important
material that might be very useful for the production of several
optoelectronic devices such as detectors or converters to digital
radiography into mammography energy region [3,4]. The applica-
tion of lead iodide in these devices depends on fabrication
technique and the form of growth, such as large area ﬁlms [5–9].
Consequently, an investigation of the inﬂuence of growth para-
meters on the physical properties of the ﬁnal ﬁlms is necessary,
especially when the ﬁlms are grown using varying techniques.
The purpose of this work was to prepare lead iodide ﬁlms using
the thermal evaporation method, with substrates sitting at room
temperature, i.e. without any external heating. The samples were
fabricated by varying the distance between substrates to evaporation-
boat. The morphology, structure, and electric properties as a function
of this deposition height were investigated. The ﬁlms were deposited
on glass substrates and the physical properties were obtained
through the use of scanning electron microscope (SEM), X-ray
diffraction (XRD), energy dispersive spectroscopy (EDS), and dark
current as a function of temperature. The ﬁlmswith the best electricallsevier OA license. 
o).properties were submitted to X-ray illumination using several expo-
sures in the mammographic energy region. According to the pre-
sented discussions and the suggested optimizations, the development
of a material applicable as detector for future technological use in
mammographic energy range would be possible.2. Materials and methods
Lead iodide ﬁlms were produced using a home-made thermal
evaporation apparatus. The distance between the tungsten boat
and Corning 7059 glass substrates was varied from 5 up to 15 cm.
Initially, the substrates sit at room temperature, and no tempera-
ture control was adopted during each deposition. A total mass of
about 233 mg of starting PbI2 powder (Aldrich 99.999%) was used
for each individual run. Boat to substrate distances of 5, 10, and
15 cm were used. The starting vacuum was of the order of
106 mbar, and a boat current of 60 A was used for a total
evaporation time of 5 min.
The structure of the samples was investigated using X-ray
diffractometry (Cu-Ka radiation l¼1.5405 A˚) for scanning angles
from 51 up to 601, with steps of 0.021. The proportion of lead and
iodide atoms in the ﬁnal ﬁlms were calculated using energy
dispersive spectroscopy (EDS) measurements and the morphol-
ogy of the surface and the cross-section of the ﬁlms were
investigated with scanning electron microscopy (SEM).
Electrical characterization was performed using Pd metallic con-
tacts in the co-planar conﬁguration. The electrodes were sputtered on
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samples. Each Pd line was 1.5 mm wide. The separation between
contacts was 1.0 mm, and the total extension covered by the ﬁlm in
the direction parallel to the contacts was 7.0 mm. Current density in
the dark as a function of temperature was used to determine the
activation energy. A voltage bias of 50 V was used, and the tempera-
ture ranged from 20 up to 80 1C.
For the case of the most resistive sample, photocurrent under
mammographic X-ray exposure was also used as a characteriza-
tion tool. The X-ray mammography unit used in the investigation
is the General Electric Senographe, 500T model, with a molybde-
num anode (ka and kb equal to 17.5 and 19.6 eV, respectively), and
just the inherent ﬁltration. The response of the samples was
initially investigated as a function of the applied electric ﬁeld, for
an X-ray exposure conﬁguration of 30 kVp, and ﬁxed 430 mR. The
behavior of the current density was also investigated as a function
of exposure from 80 up to 1000 mR, for varying electric ﬁelds
from 50 to 200 V/cm and for varying X-ray tube voltages from 22
to 30 kVp.3. Results and discussion
The SEM images presented in Fig. 1 show that the morphology
of the ﬁlms, which is similar for any deposition height, corre-
sponds to an arrangement of vertical leaves not previously
reported in the literature, even when other deposition techniques
were used [9–12]. Fig. 1(a) corresponds to the surface of theFig. 1. (a) SEM image of the surface of the sample fabricated using a deposition
height of 5 cm. Note the follicular-like growth, without total coverage of the
substrate. (b) SEM cross-section image. The inset shows the thickness (’) and the
non-covered percentage (D) of the substrate as a function of deposition height.sample, while Fig. 1(b) shows its cross-section. Regardless of the
deposition height, the ﬁnal ﬁlms present the same structures.
Note that the black regions in Fig. 1(a) suggest that the deposited
material is not capable to cover the whole surface of the
substrate. The smaller the deposition height, the larger
the packing due to the largest amount of material that reaches
the substrate. The triangles of the inset in Fig. 1 show the
percentage of non-covered substrate surface, or in other words
the craters percentage at the surface, as a function of deposition
height. Note that it increases from 10% for 5 cm up to 30% for
15 cm. The variation of the thickness of the samples as a function
of deposition height is also shown in this inset. A single deposi-
tion at 5 cm leads to a ﬁnal ﬁlm about 80 mm-thick. For an
increasing deposition height of 15 cm, the ﬁnal thickness
decreases to about 20 mm. The non-uniform structure of the ﬁlms
might be due to the fact that the deposition rates are too high. The
material growths in the vertical direction without enough time
for horizontal reorganization. The image in Fig. 1(b) shows that
the vertical-leaves structure does not extend uniformly from
substrate to the surface of the samples. The 1–2 mm-thick initial
layer seems a homogeneous ﬁlm. From this layer, the leaves
appear oriented perpendicular to the substrate, and they have
wall thicknesses between 100 and 200 nm, as estimated by the
SEM images. This suggests that the original deposition rate is
much smaller than the average rate. The calculated values of the
average deposition rates are 254, 128, and 69 nm/s for deposition
heights of 5, 10, and 15 cm, respectively. The calculated values are
much larger than the ones reported in the literature for other
fabrication techniques, which are of the order of 1 nm/s [13,14].
The high deposition rate value prevents the ﬁlm to grow in a
homogenous way, and may explain the follicular form in these
lead iodide ﬁlms.
Fig. 2 presents the X-ray diffraction spectra used for structural
characterization. Fig. 2(a) corresponds to the spectrum of the
original powder. The most intense signal is the one due to the 001
peak. For the case of the evaporated samples, presented
from Fig. 2(b) to (d) for decreasing deposition heights, the most
intense peak is the 110. As the deposition height decreases,
satellite peaks are observed at smaller diffraction angles, as
indicated in the ﬁgures. The crystalline orientations of the ﬁlms
of the present work are different from previously reported in the
literature for samples fabricated using other deposition techni-
ques [5,14–16]. We believe that this might be mainly due to the
different deposition temperatures used in each work. The relative
crystallinity of the ﬁlms was obtained from the integrated area
(IA) of the main peak (1 1 0) normalized by the deposited mass.
The ratio between IA and the total mass is about 37, 13, and 15 for
increasing deposition heights. From this non-linear behavior it
can be inferred that the crystallinity does not change when the
ﬁlms are fabricated at deposition heights above 10 cm. Estimated
grain sizes are about 43 nm for all ﬁlms, indicating that a
variation of deposition rate is not enough to change the size of
the grains.
The analysis of the composition of the ﬁlms was based on EDS
results. Fig. 3 shows the EDS spectra for the ﬁlm deposited at
5 cm. For all ﬁlms the spectra show well deﬁned peaks corre-
sponding to lead and iodine. They also reveal the presence of
silicon due to the lack of total coverage of the substrate. The
values of the composition of the ﬁlms in terms of mass percentage
as a function of the deposition height are present in the inset
of Fig. 3. Calculations show that the ﬁlms have a larger concen-
tration of iodine atoms than expected for the stoichiometric ﬁlm.
With increasing deposition height, the discrepancy increases also.
This disproportion could be explained by the fact that the heavier
lead atom does not reach the substrate in the same proportion as
the lighter iodine. This variation of the ratio of the atomic species
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Fig. 2. X-ray diffraction spectra of: (a) the original powder and samples deposited
at deposition heights of (b) 15 cm; (c) 10 cm; and (d) 5 cm.
Fig. 3. EDS spectrum for the ﬁlms deposited at a deposition height of 5 cm. Note
the presence of a silicon signal that comes from the substrate. The inset shows the
variation of the amount of iodide as a function of deposition height. 2.9
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Fig. 4. Logarithm of the electric current in the dark as a function of inverse
temperature for ﬁlms deposited at heights of 5, 10, and 15 cm. The values of
activation energy (Ea) indicate a single transport process for the ﬁlms produced at
the shortest spacing, and two transport mechanisms for the ﬁlms deposited at 10
and 15 cm.
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favor the loss of lead during the process.
The composition of PbIx samples are deeply related to the
fabrication technique. For instance, sequential sublimation stepsnot only reduce the amount of impurities in the material but also
modiﬁes the stoichiometry from 1.91 to 1.85. A following melting
and zone reﬁning procedure causes an even worse result, with x
reaching 1.31 [17]. The process of spray pyrolysis favors also the
presence of lead atoms, producing ﬁlms with x equal to 1 [18].
The use of two temperature vapor-transporting method resulted
in crystals with extreme excess of lead, i.e. 96.95% Pb and 3.05% I
(atomic %) [19]. On the other hand, a ﬁnal sample with excess
iodide, as the ones of the present work, can also be produced.
Lead iodine crystals were also synthesized in a resistance furnace
at 700 1C for about 3 weeks, followed by 30 passes of puriﬁcation
using zone melting [20]. The stoichiometry could be controlled
according to the amount of material (either lead or iodine)
inserted into the furnace. The authors also observed that samples
with 5% excess iodine presented worse electrical properties [20].
The electrical characterization was performed as a function of
temperature as presented in Fig. 4. The curves of the logarithm of
electric current as a function of inverse temperature for ﬁlms
deposited at different heights are shown for comparison. A ﬁxed
electric ﬁeld of 125 V/cm was adopted, and the temperature was
varied from 20 to 80 1C. From the data in Fig. 4, the activation
energy (Ea) for each linear behavior was estimated. Several
transport mechanisms are observed. The ﬁlm deposited at the
height of 5 cm has a unique behavior for the whole temperature
range, while those deposited at 10 and 15 cm show two Ea values.
For the ﬁlm deposited at 5 cm Ea is equal to 1.1 eV. The optical gap
(Eg) of lead iodide is about 2.3 eV [21–24], so this Ea value is
slightly smaller than half Eg, showing that the material is not
defects-free. The electric transport is mainly due to carriers
transported from the valence or conduction bands. For the ﬁlm
deposited at 10 cm Ea has a value of 0.89 eV for temperatures
below 42 1C, and above this temperature limit Ea changes to
0.96 eV. This corresponds to a ﬁlm with a larger degree of doping
and/or defects than the ﬁlm deposited at shorter distances.
A greater contribution of defects for the carriers transport
mechanisms is observed. For the case of the ﬁlm deposited at
larger deposition heights, i.e. 15 cm, the results are even worse. Ea
is equal to 0.29 eV for temperatures below 40 1C, and it is equal to
0.52 eV for higher temperatures. These values show that the
conduction of carries happens between localized levels and/or
donor–acceptor levels, originated from impurities. From these
Fig. 5. Current density as a function of exposure using mammographic X-ray
system, for: (a) ﬁxed X-ray tube voltage of 30 kVp, and varying electric ﬁeld
applied to the sample from 50 to 200 V/cm; (b) ﬁxed electric ﬁeld applied to the
sample of 125 V/cm, and varying X-ray tube voltages from 22 kVp (11.9 keV) up to
30 kVp (14.8 keV).
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electrically better, with less defects in the crystalline structure.
Dark current densities as a function of applied electric ﬁeld
(from 0 to 125 V/cm, for a ﬁxed room temperature), shows a
linear behavior, thus resulting in electrical resistivity values of
about 108 O cm. This value is much smaller than the resistivity
of the bulk crystal (1013 O cm) [24], and it is about three orders of
magnitude smaller than the values obtained by other authors of
Refs. [4,25,26]. Doping in semiconductor materials causes the
appearance of a speciﬁc concentration of states in the sub-
bandgap region, which favors the decrease of electrical resistivity.
These impurities can be introduced by several means such as
during the growth process in the evaporation chamber, after the
deposition process when the ﬁlms are in contact with the atmo-
sphere, or even by impurities in the own original powder. For the
samples of the present work, we do not have a deﬁnite explana-
tion for the origin of these defects. Nevertheless, we believe that
the electrical resistivity could be improved with the use of several
modiﬁcations such as a higher purity starting powder or substrate
heating for larger packing. A better control of stoichiometry is
also needed.
The photoconductivity of the most resistive sample under
X-ray exposure using mammographic equipment (30 kVp,
430 mR, effective mean energy of 14.8 keV, and electric ﬁeld
varied from 0 to 250 V/cm) results in a linear behavior. The
current density lead to a photo-to-dark ratio of only 1.53, what is
lower than the values reported in the literature which can reach
up to 26 [27–29]. The reduced ratio could be explained by: (i) the
low resistivity of the samples in the dark. Larger values would
certainly lead to larger ratios. For instance, if the dark resistivity is
reduced by three orders of magnitude, most probably these three
orders would be reﬂected in the photo-to-dark ratio; (ii) the
follicular morphology of the ﬁlms, that cause few contacts
between the leaves and low interfacial area. This increases the
difﬁculty for the transfer of carries created by the X-ray exposure,
and favors recombination, which reduces the collection efﬁciency.
A deeper investigation of the response of the most resistive
sample is presented in Fig. 5. The current density is presented as a
function of exposure, up to 900 mR, for two speciﬁc conﬁgura-
tions. In Fig. 5(a) the response of the sample is presented for three
electric ﬁelds, using a ﬁxed X-ray tube voltage of 30 kVp
(14.8 keV). A linear behavior is observed for exposures up to
600 mR, with slight variation of sensitivities, measured as the
linear slope (about 4 nA mm2 R1), for varying electric ﬁelds
from 50 to 200 V/cm. Above 500 mR the system tends to saturate,
but the limit of the linear region increases from 500 mR for a
voltage bias of 50 V/cm to about 700 mR for a voltage bias of
200 V/cm. It seems that higher exposures do not create a
signiﬁcant amount of new photocarriers. Thus a bias of 50 V/cm
would be enough for exposures up to 500 mR, while biases above
this value such as 200 V/cm would only be required for higher
exposures up to 1000 mR. Obviously, saturation might also be
associated to the thickness and morphology of the samples. The
follicular format limits the conduction of carries in the horizontal
direction and similar saturation characteristics are found in the
literature for ﬁlms with thickness smaller than 20 mm [29–31].
In Fig. 5(b) the response of the sample is presented for three
X-ray generator tube voltages, using a ﬁxed electric ﬁeld bias for the
sample of 125 V/cm. Once again a linear behavior is observed for
exposures up to 600 mR, with a much smaller variation of sensitiv-
ity. Above 600 mR the system tends to saturate. The data in Fig. 5(b)
show that the system has a small dependence on beam energy for
the studied range. A total variation of about 8% was measured for
the current of the sample for the used energy range. Note that the
absorption coefﬁcient for the same energy range varies about 11%
(579.41 cm1 for 11.9 keV and 513.80 cm1 for 14.8 keV) [32]. Forthe calculus of the absorption coefﬁcients a stoichiometric sample
with mass density of 6.16 g/cm3, and monochromatic radiation was
assumed [32]. When the voltage of the X-ray tube is increased the
penetrating power of the X-ray photons increases also. For instance,
considering the absorption of 99% of the incoming beam a total
thickness of about 80 mm would be necessary for the lowest energy
of 22 kVp (11.9 keV). At the upper energy value of 30 kVp
(14.8 keV), this thickness would be about 90 mm. For the speciﬁc
case of Fig. 5(b), a sample with total thickness of 80 mm was used.
This explains why an 11% difference in absorption coefﬁcient
resulted in only 8% difference in total electric photocurrent.4. Conclusions
Thermally evaporated lead iodide ﬁlms were fabricated by
varying the distance of the substrates to the evaporation-boat. A
vertically aligned follicular structure was observed, with varying
coverage of the substrate, which is proportional to the thickness
of the sample. A preferential orientation along the 110 direction
was observed for ﬁlms with electric resistivity of about 108O cm.
The low value is due to possible defects, non-intentional doping,
or even excess iodine atoms as observed by EDS. Activation
energies close to half the optical bandgap were obtained for the
ﬁlm deposited at the shortest distance of 5 cm. Exposure under
X-ray mammographic energy resulted in linear response up to
500 mR, for X-ray tube voltages form 22 up to 30 kVp, and for
biases from 50 up to 200 V/cm. Future improvements would
require the improvement in covered substrate area, stoichiometry
and the increase of electrical resistivity in the dark, consequently
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tion. These goals might be reached with varying pressures inside
the chamber, using multiple evaporation boats to correct stoi-
chiometry, and by varying the substrate temperature to increase
coverage during growth due to higher ad-atoms mobilities. Films
should be encapsulated immediately after their production to
prevent the contact with impurities from ambient. The original
starting powder should also have better purity. These modiﬁca-
tions might probably lead to an optimized material for digital
imaging in mammographic diagnosis.Acknowledgements
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